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[1] During MESSENGER’s first flyby of Mercury,
numerous narrow-band ultra-low-frequency (ULF) waves
and their harmonics were detected between closest approach
(CA) and the outbound magnetopause (MP) crossing. The
fundamental mode was at frequencies between the He+

(fcHe+) and the H+ (fcH+) cyclotron frequencies. A boundary
layer (BL) was detected before the MP crossing. The ULF
frequency and amplitude increased from CA to the edge of
the BL. In the BL the frequency dropped by a factor of 2,
and the amplitude increased by an order of magnitude.
There was a large variation in the wave-normal angle (Y),
with a slight tendency for Y to be perpendicular to the
ambient magnetic field near CA and parallel away from
CA. Near CA the parallel power tended to be larger than
the perpendicular power, while away from CA the
perpendicular power dominated. Large variations in wave
polarization properties were observed. Citation: Boardsen,

S. A., B. J. Anderson, M. H. Acuña, J. A. Slavin, H. Korth, and

S. C. Solomon (2009), Narrow-band ultra-low-frequency wave

observations by MESSENGER during its January 2008 flyby

through Mercury’s magnetosphere, Geophys. Res. Lett., 36,

L01104, doi:10.1029/2008GL036034.

1. Introduction

[2] During the first flyby of Mercury by the MErcury
Surface, Space ENvironment, GEochemistry, and Ranging
(MESSENGER) spacecraft on 14 January 2008, bursts of
narrow-band ultra-low-frequency (ULF) waves were
detected by the Magnetometer almost continuously from
the closest approach (CA) to the outbound magnetopause
(MP) crossing [Slavin et al., 2008]. During the first Mariner
10 flyby of Mercury on 29 March 1974, a �38-s burst of
narrow-band ULF waves was detected at 1.34 RM (where
RM is Mercury’s radius) at low Mercury solar orbital (MSO)
latitudes just inbound of CA [Russell, 1989]. The frequency
of these emissions was �0.5 Hz, or �40% of the H+

cyclotron frequency (fcH+), which was �1.31 Hz. Russell
noted that this ULF wave burst had a strong linear polar-
ization close to the meridian plane. The maximum peak-to-

peak amplitude transverse to the ambient field was �4 nT,
and the maximum peak-to-peak compressional amplitude
was �1.5 nT. Russell [1989] suggested that these waves
might be field line resonances (FLRs), but he noted that
they did not have a strong azimuthal component or exhibit
harmonics that are typical of terrestrial FLRs [Takahashi et
al., 1984]. If these waves were present during the outbound
trajectory of Mariner 10, they were masked by strong
substorm activity [Siscoe et al., 1975]. No such waves were
reported during Mariner 10’s third encounter.
[3] ULF waves in this frequency range and their mode

coupling will be strongly modified by cyclotron resonances
of both heavy [Othmer et al., 1999; Glassmeier et al., 2003;
Kim et al., 2008] and light [Kim and Lee, 2003] ion species.
For plasma composed of protons and Na+, Othmer et al.
[1999] showed that the crossover frequency where the
polarization reverses is the point where compressional wave
energy is most likely to convert into FLRs. By assuming
that the ULF frequency given by Russell [1989] is at this
crossover frequency, these authors placed a lower limit of
�14% on the fractional composition of Na+. Numerous
heavy ion species were detected by MESSENGER’s Fast
Imaging Plasma Spectrometer (FIPS) during the probe’s
first flyby, with Na+ being the most abundant [Zurbuchen et
al., 2008] of the heavy ions.
[4] Glassmeier et al. [2004] pointed out that the magne-

topause of Mercury is very stiff compared with that of the
gas giant planets and even that of Earth, so the buffeting of
Mercury’s magnetosphere by the solar wind should produce
a constant ringing in Mercury’s magnetosphere, creating
small-amplitude compressional ULF waves that can be
partially absorbed at resonances. Kim and Lee [2003]
simulated wave generation in Mercury’s magnetosphere
by inputting a pulse of energy from the magnetopause end
of a box-model magnetosphere consisting of a cold H+

plasma. They found that waves were excited at the perpen-
dicular ion cyclotron resonance (PICR) frequency, �0.67
fcH+, along with the fundamental magnetohydrodynamic
(MHD) field line resonance, which occurred at much lower
frequencies. The wave energy at the resonance near fcH+ is a
combination of both right- and left-handed polarizations,
with a slight bias in the right-handed direction. Kim et al.
[2008] extended their simulation to include Na+ and found
that the coupling frequency was at the ion-ion hybrid
resonance frequency. Furthermore they found no evidence
of FLR excitation at the crossover frequency predicted by
Othmer et al. [1999]. In the Kim and Lee [2003] simulation,
the plasma density varied with all other ambient plasma
parameters fixed, while in the Kim et al. [2008] simulation
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the ratio of H+ to Na+ varied across the simulation box with
other parameters fixed.
[5] According to Glassmeier et al. [2004], the FLRs at

Mercury are likely to be composed of kinetic Alfvén waves.
These authors predict that such kinetic Alfvén waves will
create field-aligned potential drops of �0.5 keV, and
electrons should subsequently be heated by these waves.
MESSENGER indirectly detected �1-keV electrons near
the time that the ULFwave activity began [Slavin et al., 2008].
[6] In addition to being an important source of energy

transfer within Mercury’s magnetosphere, the ULF waves
found by MESSENGER could play an important diagnostic
role. If the ion-ion resonance frequencies can be identified,
then the ion composition of the plasma can be estimated [Kim
et al., 2008]. It will be difficult to resolve frequencies signi-
ficantly below fcH+ duringMESSENGER’s flybys ofMercury,
but detections of all the resonances might be possible during
the orbital phase of the mission [Boardsen and Slavin, 2007].
[7] The purpose of this paper is to expand on the

investigation of these waves beyond what was reported by
Slavin et al. [2008]. In particular we determine the intensity
and spatial extent of these emissions, using dynamic spec-
trograms of the magnetic field measured during the flyby.
We characterize the wave properties and compare them
against the Mariner 10 results and theoretical models.

2. Observations

[8] During MESSENGER’s first flyby of Mercury, the
Magnetometer sampled Mercury’s magnetic field 20 times

per second [Anderson et al., 2008]. Mercury’s magneto-
sphere was quiet during the flyby, and no substorms were
detected. The lack of substorm activity, thought to be the
result of the northward MSO BZ component of the inter-
planetary magnetic field [Slavin et al., 2008], makes it
easier to detect these narrow-band ULF waves. On the
inbound leg, from the MP crossing at 18:43:02 UT to
19:02:20 UT (�2 minutes before CA), narrow-band ULF
wave activity was weak. During this 19-minute interval
only four brief ULF bursts, whose durations varied from
2 to 6 s, were identified. The frequencies of these bursts
ranged between �3 and �10 fcH+, and their peak-to-peak
amplitudes varied between 0.3 and 0.5 nT. The last inbound
event was observed at �18:55:10 UT, and its frequency was
�3.1 fcH+. In contrast, an abundance of narrow-band ULF
waves was detected during the outbound leg between
19:02:20 UT and the outbound MP crossing at 19:14:15 UT.
We focus on these outbound observations.
[9] A dynamic spectrogram of the field during MES-

SENGER’s flyby of Mercury, covering the period of high
ULF-wave activity, is shown in Figure 1. This dynamic
spectrogram was created from individual fast Fourier trans-
form (FFT) spectra generated over 8-s intervals, stepping 4 s
in time from one spectrum to the next. For each spectrum,
the data have been linearly de-trended and rotated into
coordinates perpendicular (?f, ?R) and parallel (k) to the
local magnetic field. The perpendicular component (?f)
points along the projection of the azimuthal direction into
the perpendicular plane. The H+, He++, and He+ cyclotron
frequencies are indicated in Figure 1. For context, the
magnetic field magnitude is displayed on the bottom panel.
The CA at 19:04:39 UT, the outbound boundary layer (BL)
starting at 19:10:37: UT, and the outbound MP crossing are
indicated. The step-like �20-nT decrease in magnetic field
magnitude marks the start of this BL. Two possible explan-
ations for this BL have been proposed [Slavin et al., 2008].
[10] Examination of Figure 1 between CA and the

outbound MP crossing shows that the first-appearing nar-
row-band ULF waves were at frequencies just above the
He+ cyclotron frequency (fcHe+). There was a systematic
increase in frequency to just below the H+ frequency (fcH+)
before the spacecraft crossed into the BL. Upon crossing
into the BL, there was an associated downward step in ULF
frequency that tracked the downward step in magnetic field
magnitude accompanied by an increase in ULF wave
amplitude.
[11] Around 19:09 UT, harmonics of these ULF waves

are clearly visible. At that time the fundamental component
of the ULF waves was propagating within 30� of the
background magnetic field direction, while the second
harmonic was propagating within 30� of the plane perpen-
dicular to the background magnetic field. The ratios of the
first to the second, third, and fourth harmonics are 2.1 ± 0.5,
3.3 ± 0.5, and 4.3 ± 0.6, respectively. Once in orbit, because
of its lower orbital speed relative to its flyby speed,
MESSENGER will be able to resolve these harmonics to
higher resolution.
[12] Between 19:02:20 UT and the outbound MP cross-

ing, thirty-six ULF wave intervals were identified by visual
inspection of the MESSENGER Magnetometer time series
data. Time series and hodograms for two examples are
shown in Figures 2a and 2b and Figures 2c and 2d,

Figure 1. Dynamic spectrograms from MESSENGER’s
first flyby of Mercury. The red curves show the H+, He++,
and He+ cyclotron frequencies.
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respectively. The hodogram axes B2 and B3 correspond to
the directions of intermediate and maximum variance,
respectively. The direction of minimum variance (the B1

axis) was chosen such that its dot product with the direction
of the ambient magnetic field is positive. The arrowheads
on the hodograms indicate the direction of time. At the start
of the interval shown in Figure 2a, the parallel magnetic
field component (whose oscillations are non-sinusoidal)
dominates the perpendicular components, and at the end
the perpendicular components dominate the parallel com-
ponent. The maximum peak-to-peak amplitude is about
2 nT. A hodogram for �2 cycles is shown in Figure 2c;
the wave-normal angle is �66�, and its ellipticity (�0.95)
indicates strongly circularly polarized waves rotating in the
right-handed direction about the magnetic field. Figure 2d
shows an example of the time series in the BL, where the
component B?f lies close to the azimuthal direction and
its maximum peak-to-peak amplitude is �10 nT. The
dominance of the azimuthal component is consistent with
terrestrial observations of narrow-band ULF waves in
geosynchronous orbit [Takahashi et al., 1984]. The parallel
component has maximum peak-to-peak amplitudes of�4 nT
for this event. Figure 2d shows a hodogram for a portion of
the time series in Figure 2b; the wave-normal angle is �76�,
and its ellipticity (�0.21) is in the right-handed direction.
[13] Wave polarization parameters were computed for

these ULF intervals using the method of Arthur et al.
[1976]. The selected intervals typically ranged from 4 to

8 s in duration. Figure 3 shows the results of this analysis.
Of the 36 intervals, the degree of polarization (coherency),
the ratio of coherent wave power to the total wave power,
was less than 0.5 for four intervals. These four intervals are
not used. The median degree of polarization of the remaining
32 intervals was 0.84. The top panel displays the frequency
of the ULF wave packets during the encounter. The solid
lines are located at fcH+, fcHe++, and fcHe+. Note that the
majority of these packets are observed outbound from CA.
Except for a packet at 19:02 UT (not shown), all packets
show frequencies between fcHe+ and fcH+. The frequency of
the packet at 19:02 was �0.16 fcH+. As noted earlier, there is
a systematic increase in frequency from closest approach to
the step transition at around 19:10 UT.
[14] The second panel displays the ellipticity (ratio of

minor to major axis) of the polarization ellipse. Positive
(negative) ellipticity indicates right- (left-) handed polariza-
tion with respect to the ambient magnetic field. Of the
32 events, 26 were found to have right-handed polarization.
The observed right-handed dominance of these waves is
consistent with models of Kim and Lee [2003] that showed
a weak steady-state dominance of right-handed waves. The
third panel displays the wave-normal angle (Y), the angle
between the ambient magnetic field and the wave vector.
Note that the majority of these waves are oblique to the
background field. Of the 32 events, 20 have wave-normal
angles greater than 45�. The error estimates for Y were
derived from the ratio of the minimum to the intermediate

Figure 2. (a) Time-series examples of ULF waves detected outbound from closest approach. (b) Example ULF waves in
the BL. Hodograms of the time series shown in Figures (c) 2a and (d) 2b. Axes B2 and B3 are the directions of intermediate
and maximum variance, respectively. The wave-normal angle, ratio of median to minimum eigenvalue, and ellipticity are
given for each hodogram.
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eigenvalues and the number of frequencies (5) used to
compute the coherency matrix [Khrabrov and Sonnerup,
1998]. There is a slight tendency for Y to be more
perpendicular to the ambient magnetic field near CA and
parallel to the ambient magnetic field away from CA. The
fourth panel shows the ratio of the power parallel to the
magnetic field to the total power. The parallel power is
dominant in 10 of the 32 events. Near CA the parallel power
tended to dominate, while away from CA the perpendicular
power tended to dominate. The fifth panel is the total wave
power. The power in these ULF oscillations steadily
increased outbound from CA, with an increase by an order
of magnitude across the boundary at 19:10 UT.

3. Discussion

[15] The major finding of this study is the observation of
narrow-band ULF waves whose frequency systematically
increased outbound from CA, with frequencies starting just
above fcHe+ near CA and rising to just below fcH+ near the
start of the BL; in the BL the frequencies drop. The wave
power in these emissions also increased outbound, and
jumped by a factor of 10 in the BL. The reason for this
variation in frequency and power is not clear. For example,
if the plasma is H+ dominated [Kim and Lee, 2003] then
these frequencies could be generated by PICR; a sharp
decrease in plasma density with increasing altitude,
followed by an increase in density across the boundary
layer, would be required to create the observed frequency
variation.

[16] If multiple ion species make up the plasma, the
frequency could be determined by either ion-ion resonances
[Kim et al., 2008] or the cross-over frequency [Othmer et
al., 1999]. Zurbuchen et al. [2008] detected many ion
signatures, including significant contributions from He+,
He++, and O+ among the light ions and Na+ and Mg+

among the heavy ions; the relative contributions between
H+ and these heavier ion species have not been determined.
The observed frequency and amplitude (Figure 3) seem to
vary smoothly across the fcHe++ boundary, suggesting that
the ions heavier than H+ are just trace particles and don’t
make a significant contribution to the plasma in the region
where these waves are detected.
[17] The observations show that the magnitude of Bk is

frequently on the order of that of B?, which is not consistent
with the FLR interpretation [Kim et al., 2008]. Kim et al.
[2008] suggested that the presence of a significant Bk
component is more consistent with a cavity mode. If so,
the observed drift in frequencies could be related to a yet to
be determined drift in a cavity frequency. If cavity frequen-
cies vary as the size of the magnetosphere, we would infer
that the magnetosphere contracted over the time period from
CA to the edge of the BL, and a sudden expansion followed.
More realistic magnetosphere models will be required to
determine these cavity frequencies and how they should
drift as the shape of the magnetosphere changes.
[18] Instead of these waves being associated with FLRs

or cavity modes they could be related to local plasma
instabilities at the magnetic equator. The planetary loss
cone angle at 1.08 and 1.4 RM is 70� and 40�, respectively,
and the resulting ion distributions should be highly unstable
to the generation of waves. The red dots in Figures 4a and
4b show where these waves were detected during the
MESSENGER and Mariner 10 flybys. This sparse sampling
suggests that these waves may be primarily confined to near

Figure 3. Polarization parameters of ULF waves observed
during MESSENGER’s first flyby of Mercury.

Figure 4. (a) X-Y and (b) Y-Z projections of the three
Mercury flybys. The red dots indicate where these narrow-
band ULF waves were detected. Note their proximity to the
equator.
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the magnetic equator (where the loss cone anisotropy is
largest), which would indicate that they are not FLRs. The
second and third MESSENGER flybys will also be along
the equator, and the latitudinal distribution of these waves
will not be resolved until MESSENGER is in its near-polar
orbit about Mercury in 2011.

4. Conclusion

[19] During MESSENGER’s first Mercury flyby, numer-
ous narrow-band ULF waves and their harmonics were
detected between CA and the outbound MP crossing. The
fundamental mode was at frequencies between fcHe+ and the
fcH+. A BL was detected a few minutes before the outbound
magnetopause crossing [Slavin et al., 2008]. The frequency
and amplitude both increased from CA to the start of the
BL. In this BL there was a decrease in ULF frequency and
an increase in wave power. MESSENGER detected a large
variation in the wave polarization properties. The majority
of these waves with ellipticity magnitudes greater than 0.25
were right-hand polarized. Near CA the parallel power
tended to be larger than the perpendicular power, while
away from CA the perpendicular power dominated. There
was a large variation in Y, with a slight tendency for Y to be
perpendicular to the ambient magnetic field near CA and
parallel away from CA.
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